INTRODUCTION
There are a lot of current control techniques invented for active filter application over the past few years [1] [2] [3] . Although there are many publications, each current control is usually reported individually. Previous study emphasizes only on the advantages of each current control technique. Most of the techniques have not been compared with other commonly available current control techniques.
Dixon et al. [4] have presented comparison of three current control techniques for APF by using simulation and experiment. However, the qualitative measurements are simply simulation based while the experimental results only provide visual comparison. Furthermore, the performance measures used incorporate unnecessary information such as ripple size and switching frequency which are not suitable for the assessment of current control performance. Later, Buso et al. [1] have compared another three current control techniques by using APF simulation. Since the source current to the APF is sinusoidal, the paper utilizes steady state sinusoidal measures to evaluate the dynamic performance of current control techniques. The results are justifiable but there is no experimental validation. This paper concentrates on the critical performance evaluations of the three different current control techniques in a shunt active filter experiment. The evaluation measures are taken from [1] and [4] . The current control techniques under test are: Hysteresis Current Control, Proportional Integration (PI) Current Control, and Ramptime Current Control.
Hysteresis Current Control is known to be fast and robust but has undesirable harmonics due to its variable switching frequency nature [5] . PI Current Control has lower harmonics when properly tuned, but gives poor dynamic performance.
Furthermore, it requires the knowledge of the system to perform well [5] . Over the past decades, many current control researchers have attempted to find a current control that can deliver the advantages of both control techniques [6] [7] [8] [9] . Ramptime Current Control is one of the outcomes from such kind of research. Ramptime is claimed to be able to give a fast response while having a near fixed switching frequency [10] .
This paper evaluates the performance of all the three current control techniques by the means of hardware experimentation. The test platform is a shunt active power filter with a diode rectifier as nonlinear load. This paper provides all necessary parameters of the test platform to ensure the test has good repetitive value. The results show how each current control technique performs under controlled conditions. The performance of the three current control techniques are critically analysed and compared.
II. ACTIVE POWER FILTER BENCH SETUP
A common shunt active power filters have three major components; the load, the grid and the inverter. A voltage source inverter (VSI) is usually used to supply the distorted harmonic currents drawn by the nonlinear load. A switching frequency filter is inserted between the grid and point of common coupling (PCC) to filter out the switching ripple on i S from getting into the grid.
While there are many configurations of APF circuits, this paper will consider the configuration as shown in Fig. 1 , particularly because of its demand on the current controller. The configuration is able to compensate the distortion current of the load without sensing the load current (i Load ) [11] [12] [13] [14] . More detailed comparison between this configuration of APF and other more common configuration can be found in [15] . The APF in Fig. 1 operates by simply taking advantage of the inherent power balance nature of the circuit. The only sensing parameters are the source current (i S ) and the DC link voltage (v DC ). Whenever the load demands harmonic current, the VSI will attempt to supply that current. This may be followed by a change in v DC , but the outer loop control adjusts i S so as to maintain the v DC at the reference voltage. The inner loop current control shapes the i S as a sinusoidal current with the appropriate amplitude, as requested by the outer-loop voltage control.
The major advantage of this configuration is that knowledge of the type of load is inherently not required. Regardless of how distorted the load currents may appear, the target reference current is still maintained as sinusoidal. This is easily generated at relatively low bandwidth.
In other more common APF strategies, the mechanism for mitigating the distortion of the grid current is achieved by the generation of compensation current in the current control loop. In contrast, the configuration in Fig. 1 will always be controlling the output current to have a correct sinusoidal reference waveform. This leaves the current control technique primarily responsible to minimize the distortion of i S . The distortion of the grid current (i Grid ) then corresponds to a direct test of the current control itself. Hence, it is a proper candidate as a current controller testing platform.
The inverter is the main component of the APF. The inverter is connected to the PCC via an inductance (L Inv ) to allow ripple in i S . A capacitor (C S ) is used to filter out the switching components on PCC from getting into the grid. The capacitor and the isolation transformer inductance (L Xfmr ) perform as a low pass filter with cut-off frequency 3.35 kHz or 67 th harmonic. The load inductor (L Load ) is used to decouple the PCC voltage from voltage stiff loads, and is sized roughly equivalent to the equivalent grid impedance.
To imitate nonlinear loads like computers and other DC powered equipment, a diode rectifier load is connected to the resistive load. This configuration draws roughly 2.7 A RMS from the grid as distorted current. Fig. 2 shows the photograph of the experiment setup. As labelled, the main components of the setup are an FPGA, an interface board, a VSI and a diode rectifier load. The Digital and Analogue Interface Board is an electronic circuit board assembled on a four-layer PCB that is specifically designed to provide a noise free environment for current sensing, voltage sensing, hysteresis current control, PI current control, analogue to digital conversion (ADC), digital to analogue conversion (DAC) and reference current generation. It also provides safety protection against over voltage fault and over current fault. Table 1 summaries the parameters used in the system.
III. THE CONTROLLER
The controllers of the APF consist of an outer loop voltage control and an inner loop current control as shown in Fig. 3 . The outer-loop control is a PI controller that determines the required amplitude of the reference current. The purpose is to keep the DC bus voltage relatively constant. Once the tuning is done for the system, this outer loop control remains unchanged between the various current control methods. The proportional gain (K P ) of the outer-loop PI voltage control is set at 0.025, and the time constant is set as 80 ms.
The inner loop current control is a faster control loop that forces the controlled current to follow the sinusoidal reference. In this setup, Ramptime control is performed within the FPGA (using the digital current error polarity signal as input). PI and Hysteresis controls are implemented as analogue circuits with their switching logic passing through the FPGA.
IV. THE TEST
In this experiment, the v DC reference is set at 250 V. Higher voltage would give cleaner grid current, but will have higher losses and will require more expensive components. Lower voltage means higher efficiency and cheaper components, but greater distortion on the grid current. 250 V was chosen as it is the optimum solution to both trade-offs [12] .
The APF experiment is then carried out and all measurements are taken after the APF reached steady state. All the data are then analysed in MATLAB™ to obtain the performance measures. The ultimate goal of the test is to see how each current control performs at given conditions.
V. PERFORMANCE MEASURES
In this paper, the evaluations of the current control techniques are performed by using steady state analysis. Some scholars might be interested in dynamic performance tests such as step change in the reference. However, in the APF application, a step change in the reference will mainly test the performance of the slower outer loop voltage control instead of the inner loop current control. It is important to note that this APF is an application of nonlinear load with linear sinusoidal reference. So although the controlled current is sinusoidal, the current control loop actually operates at much higher bandwidth to compensate the distortion of the loadrepresenting a more practical dynamic performance test than a simple step change. Thus, the steady state analysis of the line current gives insight about both steady state and dynamic capability of the current control techniques and means that the three chosen steady state measures can legitimately be used in this study; namely %Error, THD i and LHD i .
A. Percentage of error (%Error)
For our analysis, we chose the "percentage of distortion" error measure from [4] as one of the performance measures. It suitably incorporates all the necessary aspects of verifying that the generated grid current follows its reference. The reference is always sinusoidal and generally has unity power factor (although a reactive current could be independently added from the active current). We believe this measure may potentially result in biased comparisons between fixed switching frequency and non-fixed switching frequency current control methods. This is due to the inclusion of the switching ripple in the measure. Also, it does not distinguish between different sources of distortion. Originally called "percentage of distortion" [4] , we prefer to name it as "percentage of error" (%Error) because it represents error more than distortion. %Error incorporates all deviation from the reference, including the error of the fundamental component and the error of the DC component in the measure, which are not implied by "distortion" in the commonly associated harmonic sense. In mathematical form 
B. THDi Total Current Harmonic Distortion (THD i ) is a widely used measure to indicate distortion. It is the ratio of the root sum of all current harmonics above fundamental over the fundamental component, as shown in Equation (2) . It should be noted that the Total Demand Distortion (TDD) in IEEE 519 standard [16] is very similar to THD i , except that TDD compares harmonics to the maximum demand current. In this paper, the values of It is a Fast Fourier Transform (FFT) based measure that indicates the low frequency distortions in the resultant current and thus attempts to be independent of the switching frequency content. By excluding the switching content, we expect that ideally this measure should be very close to zero when the resultant current is sinusoidal and in phase with the reference. Equation (3) defines the LHD i in mathematical form. 
VI. CURRENT CONTROL TECHNIQUES Three current control techniques are being compared in this paper. It is interesting to see how Ramptime Current Control performs with comparisons to PI Current Control and Hysteresis Current Control. We include PI and Hysteresis Current Control in our comparison because they are the two most common control methods available. Due to their popularity, they are easily understood and replicated. All current control methods are designed to have similar an average switching frequency of 16.67 kHz. [5, 17] PI Current Control is a ramp comparison current control scheme, which guarantees a fixed switching frequency. The PI current control used in this paper is implemented in analogue domain via op-amps. The P and I components are limited to the op-amp power rails, so anti-windup mechanism is inherently incorporated. This helps to reduce overshoot in our PI control.
A. PI Triangular Carrier Current Control
To properly tune the PI coefficients, the average model of the VSI is studied. Adapted from [5] , the control loop of VSI current control is shown in Fig. 4 . In this paper, PI current control has been tuned for the control loop to operate at 60°p hase margin with PI coefficients K P = 15.87 and K I = 160000. Figure 4 . Control loop diagram of PI current control in VSI (adopted from [5] ). VDC = 250 V is the DC link voltage, LInv = 5.6 mH is the ripple inductance, cPK = 30 V is the peak to peak voltage of triangular modulation signal, RInv is the ripple inductor's resistance, Tsw switching period and GTI = 0.32 is the current sensing gain. [5] Standard Hysteresis Current Control is known as fixed band hysteresis control since it has two fixed bands defined. The reference current will be in the middle of the two bands. Switching will happen every instant the measured current hits the upper or lower band. It is known to have a very good dynamic response and is inherently stable. The main disadvantage of Hysteresis Current Control is that it has a very wide switching frequency band. This leads to a larger than optimum filter size and potentially less immunity to noise. For further insight into Hysteresis harmonics modeling in the frequency domain, please refer to [18] .
B. Standard Hysteresis Current Control
For the APF setup, the hysteresis band is tuned to switch at an average frequency of 16.67 kHz. This is done by counting the amount of switching instances in every grid voltage cycle. The counting is done inside the FPGA with a counter that is triggered by positive edge of switching signal. The target switching instances (n switching ) in every grid voltage cycle is calculated using Equation (4).
For a 16.67 kHz signal to be operated in parallel with grid frequency of 50 Hz, the value of n switching is calculated to be 333. Consequently, we adjust the hysteresis band such that it has similar number of switching in the same period.
C. Ramptime Current Control [10]
Ramptime Current Control is a near fixed switching frequency current control scheme. Like the other methods, it is set to target 16.67 kHz switching in our setup. It was originally designed to achieve good dynamic performance like hysteresis while maintaining fixed switching frequency. Of the versions of Ramptime Current Control, the version explored here is Polarized Ramptime Current Control [19] . Ramptime utilizes information from and its own output, the switching signal (PWM) to obtain the value of next switching instance. There are two goals of Ramptime Current Control. The first goal is to accomplish Zero Average Current Error (ZACE) condition. ZACE is a condition where the area of any one ex Fig. 6 ) is equal to the area of Fig. 6 ). To achieve this, excursion time T a2 must be equal to excursion time T b1 . The second goal of Ramptime is to achieve a fixed switching frequency, which can be obtained by attempting to make each excursion time T a2 and T b2 equal to half of switching period, T sw /2;
Similarly on the other half cycle, T bf2 is computed using similar equation with T ar2 replaced by T bf2 , T ar1 replaced by T bf1 and T a1 replaced by T b1 .
The same process repeats at every switching cycle, meaning Ramptime adaptively changes the value of next "ramp away time" so that next "excursion time" is equal to half switching period. As a result, Ramptime switches at a fixed switching frequency and nullifies the average current error. For further details regarding the Ramptime Current Control method and variations thereof, please refer to [10, 19 ] . Harmonics no -n % of fundamental (%) iS Low Order Harmonics Spectrum (excluding fundamental) PI Hysteresis Ramptime Figure 7 . Harmonics spectrum of iS given by all three current control techniques. Fundamental is excluded to emphasize the harmonics content. Table II shows %Error, THD i and LHD i for i S and i Grid . Fig.  7 shows the lower order harmonics spectrum of i S of the current control techniques. To emphasize the harmonics content, the fundamental component is excluded. The lower order spectrum of i Grid is very similar to i S , so therefore is not included. This is expected since the cut-off frequency of the switching frequency filter is greater than the 21 st harmonics.
VII. RESULTS
2154 Table III tabulates the complete results of the experiment: (g), (h), and (i) are the current waveforms of i Grid .
(j), (k), and (l) are the harmonic spectra of i Grid , excluding DC and fundamental component (plotted as percentage of fundamental).
The outer loop PI voltage control is able to maintain the DC bus voltage, hence provide enough power to supply the harmonic current to the load. An exception is at the peak and at the valley of the reference current. This is where the load current draws high current that forces the APF to momentarily enter the uncontrollable region. The uncontrollable region is where the inverter is not able to provide sufficient voltage across the inductor, and hence is unable to control the current. All three current controls in this test setup exhibited momentary uncontrollability to varying extents.
Hysteresis Current Control is the fastest current control among the three in terms of dynamic response, as evidenced by the lowest reading of %Error on i S , as shown in Table II . However, Hysteresis delivers more distortion (higher THD i ) on i Grid compared to Ramptime. There are three main reasons why Hysteresis is unable to provide the lowest distortion on i Grid ; (1) low order harmonics, (2) variable switching frequency and (3) effect of deadtime.
Low order harmonics:
During the uncontrollable region, Hysteresis exhibits suboptimal control of the current and thus results in low order harmonics. This is due to the nature of hysteresis, where it allows the current to freely flow as long as it stays within its hysteresis band. The distortion at i Grid is worsened by resonance effects, since the low order harmonics excites the filter capacitor C S and inductance L Xfmr .
Variable switching frequency:
The variable switching frequency nature of Hysteresis Current Control is a big disadvantage. Some of the switching harmonics are very close to the resonance frequency of the switching frequency filter. This results in a huge distortion on iGrid, which is clearly visible in Table III (k) around  the 67 th harmonic, the resonance frequency of the filter. slower response results in the non-zero steady state error, which is portrayed in Fig. 7 as low order harmonics. Referring to Table III (d) , PI tends to be generating the high switching frequencies and significantly lower frequency harmonics. Both are far enough away from the cut-off frequency of the switching frequency filter and so avoiding resonance effects. Even though these low order harmonics are not suffering from resonance effects, the THD i of PI i Grid is greater than the THD i of Hysteresis i Grid . This is because the low order harmonics of PI itself contribute to greater distortion compared to the distortion of the Hysteresis. As a result, PI delivers the worst reading of all performance measures in Table II. Table III (f) shows that the Ramptime Current Control has near-fixed switching frequency. Its switching frequency band is wider than the switching frequency band of PI. Although its switching frequency band is wider, the switching harmonics are well distributed closely to the 333 rd harmonic, which is much higher than resonance frequency of the switching frequency filter. Combined with a relatively small amount of significantly lower frequency harmonics, Ramptime has sufficient immunity to the resonance. The time domain waveform of i S on Table III (c) shows that Ramptime responds fast enough to follow the shape of i Ref . It does that while maintaining the fixed switching frequency. This is true even in the uncontrollable region, hence it delivers a very small distortion on i Grid , which is the main purpose of the APF.
Effect of deadtime:
Table III (d), (e) and (f) show the harmonic content of i S of each current control method. It is clear that the switching frequency band of Hysteresis is far wider than the switching frequency bands of Ramptime and PI. In this experiment, the switching frequency filter is designed to filter most of switching ripple of all three current control methods. The filter cut-off frequency is set at the 67 th harmonic to accommodate the wide switching frequency band of Hysteresis Current Control. If the filter had been designed to accommodate the switching ripple of PI and Ramptime only, the cut-off frequency would be higher, resulting in a smaller and cheaper capacitor. This is another advantage of PI and Ramptime as they have a narrow switching frequency band.
VIII. CONCLUSION
Hysteresis, PI and Ramptime Current Controls have been practically implemented by the means of a "300 W Active Power Filter" experiment. The current control techniques are tested to shape the grid current to be as sinusoidal as possible while feeding harmonic rich current to the nonlinear diode rectifier load. PI is observed to deliver the highest distortion due to its non-zero steady state error and slow response. Hysteresis is the fastest current control among the three, but it delivers undesirable distortion due to variable switching frequency, deadtime effect and resonance effect. Ramptime delivered the cleanest grid current due to the ability to follow the reference closely, the near fixed switching frequency and the immunity to resonance effects.
